Introduction
Stroke occurs in approximately 1 in 4,000 live fullterm births [1] . It is associated with significant morbidity and mortality, with death occurring in over 10% of newborns. Approximately 75% of survivors exhibit changes in central nervous system development with long-term neurological deficits such as epilepsy, cerebral palsy, and other motor and cognitive disabilities [2] . Despite these lifelong effects, no accepted postinjury treatment strategy exists.
It is clear from both neuroimaging studies and rodent models that damage does not occur just at the time of injury, but continues to evolve over a period of days to weeks [3] . This likely involves a variety of mechanisms responsible for cell death and decreased cell proliferation in both the core and penumbral tissue. Protection and repair of this damaged tissue would require suppression of cell death signals, as well as enhancement of cell proliferation and differentiation, over this prolonged period of time. Multiple therapies have been studied in an effort to suppress the toxic cascades that result in cell death and enhance the endogenous neurogenesis that occurs after injury, with the hope of increasing long-term survivability of neurons and functional performance.
Erythropoietin (EPO) is a 34-kDa glycoprotein that was originally identified for its role in erythropoiesis, but has since been found to have a variety of other roles. The pleiotropic functions of this cytokine include modulation of the inflammatory and immune responses [4] [5] [6] , vasogenic and proangiogenic effects through its interaction with vascular endothelial growth factor (VEGF) [7, 8] , as well as effects on central nervous system development and repair. EPO and EPO receptor (EPO-R) are expressed by a variety of different cell types in the central nervous system with changing patterns during development [9, 10] . EPO and EPO-R expression in both the rodent and human nervous system is elevated during gestation, but declines after birth [11] . Following injury, EPO and EPO-R expression increases, with a variety of cell types expressing EPO and EPO-R following brain injury [9, 10] , including neurons, astrocytes, endothelial cells, and microglia. These findings suggest that EPO has an important role in neurodevelopment, and may also play a prominent role in repair following brain injury in the neonate.
Recent evidence suggests that exogenously administered EPO has a protective effect in a variety of different causes of brain injury [12] [13] [14] . In adult rodent models, EPO has been found to protect neurons from ischemia in vitro [15] , as well as reduce infarct volume following transient focal ischemia [16] and permanent ischemia [9] in vivo. In newborn rodents, pretreatment with EPO before injury has a protective effect [13, [17] [18] [19] [20] [21] . In addition, postinjury treatment protocols have demonstrated both short-and long-term histological and behavioral improvement. A single dose of exogenous EPO administered immediately after neonatal hypoxic-ischemic injury in rats significantly reduced infarct volume and improved long-term spatial memory after injury [22] . Single-and multiple-dose treatment regimens of EPO following neonatal focal ischemic stroke in rats also reduced infarct volume in a dose-dependent manner [23] , and demonstrated short-term improvement in sensorimotor outcomes [24] .
We have previously described a nonhemorrhagic ischemic stroke model in the immature rat using transient middle cerebral artery occlusion (MCAO) [25, 26] , which can be used for testing treatment strategies for neonatal stroke. The most important effect of an adequate neuroprotective therapy is improved long-term functional performance, as an indicator of neurologic function. While other studies have presented a promising role for EPO in neuroplasticity following brain injury, the exact dosage, number of doses, and time course have not been determined for long-term improvements in functional performance after stroke. Therefore, we performed long-term analysis of infarct size and cognitive function with visuospatial learning and memory testing following singleand multiple-dose treatment regimens in rats that underwent focal ischemia-reperfusion via neonatal MCAO.
Methods
All animal research was approved by the University of California, San Francisco Institutional Animal Care and Use Committee, and the Washington University Medical School Animal Studies Committee and Division of Comparative Medicine with the relevant National Institutes of Health guidelines. Every effort was made to minimize animal suffering and to reduce the number of animals used.
Cerebral Focal Ischemia-Reperfusion
All surgical procedures were performed in 10-day-old SpragueDawley rats; this age was chosen to approximate the development of the term human newborn [27] . Female rats with an 8-to 9-dayold litter (approx. 10 pups per litter) were bought from Simonson Labs (Gilroy, Calif., USA). Mothers were housed in a temperatureand light-controlled facility and given food and water until pups were 10 days old. Transient focal cerebral ischemia was produced using the MCAO method with some modifications [25, 26] . Briefly, each pup was weighed and anesthetized with 3% isoflurane in a mixture of 70% N 2 O and 30% O 2 . Following induction of anesthesia, 1.5% isoflurane was maintained and rectal temperature was monitored and maintained at 36-37 ° C with a combination of heating blanket and overhead light. With the animal supine, the right common carotid artery, external carotid artery, and internal carotid artery were exposed with a midline cervical incision. The pterygopalatine, occipital, superior thyroid, maxillary, and lingual arteries were coagulated. After ligation of the external carotid artery, a 5-0 nylon monofilament suture with blunted tip was inserted into the external carotid artery lumen and gently advanced through the internal carotid artery up to the middle cerebral artery until slight resistance was felt. Sham controls did not have the suture advanced. After placement of the suture, the wound was closed. Following MRI, reperfusion was achieved after 45 min of occlusion by removing the suture under isoflurane anesthesia. In a previous study, we found that an occlusion time of 45 min produced a moderate level of injury involving the ipsilateral striatum and parietotemporal cortex, and reperfusion was confirmed with contrast study [24] . Following surgery, animals were recovered from the anesthesia and returned to the dam until weaning.
Magnetic Resonance Imaging
Each animal was examined by diffusion-weighted spin echo planar imaging at 25-30 min after MCAO. The entire brain was imaged with serial 2-mm-thick coronal sections as previously described [25] using the following pulse sequence settings: TR/ TE = 5,000/60 ms, 4 averages, field of view = 35 mm, data ma-trix = 128 ! 128, diffusion gradient duration = 20 ms, separation = 29.7 ms, amplitude = 70 mT/m, b-factor = 1,045 s/mm 2 . Animals that exhibited ischemic injury in atypical regions, such as the brain stem, or that showed lack of cortical involvement were excluded from the study.
EPO Treatment
Immediately upon reperfusion, either vehicle [0.1% bovine serum albumin (Sigma, St. Louis, Mo., USA) in saline] or recombinant human EPO (a gift from Johnson and Johnson) was injected intraperitoneally. In the single-dose EPO group, treatment rats received EPO at a dose of 5 U/g of body weight. In the 3-dose EPO group, treatment rats received an initial dose of 1 U/g at reperfusion, followed by repeat doses of 1 U/g at 24 h and 7 days after injury ( fig. 1 ). Sham animals were injected with either single or multiple doses of vehicle or EPO, at the same schedule, following sham surgery. Following surgery, animals recovered from anesthesia and were returned to their dam until weaning. Most pups that received MCAO at postnatal day 10 (P10) showed poor suckling during the first 2-3 days following surgery and were gavage fed, with daily weights measured for the first week to ensure adequate weight gain.
Behavioral Testing: Visual/Spatial Learning and Memory
Behavioral testing was initiated when rats reached 65 days of age. Morris water maze testing was performed in a room with distinctive, extra-maze navigational cues. Rats were placed in a tank (diameter r = 1.12 m, depth = 0.58 m) with water (23 8 1 ° C) made opaque with nontoxic paint, and 1 of 2 cylindrical escape platforms (visible or submerged). Videomax Water Maze Program (Columbus Instruments) was used to collect data. For the acquisition trials in the place condition, rats were released from a semi-randomly assigned quadrant and allowed 1 min to escape to a platform that was painted white and submerged below the water surface. The platform remained in quadrant 1 for all of the acquisition trials, and escape latency (time from release to escape on the platform) was recorded. Following each day's acquisition trials in the place condition, a retention trial was performed for the place condition where the escape platform was removed and the probe time [time the rat spent in the quadrant (quadrant 1) that previously contained the escape platform] and number of annulus crossings (number of times the rat crossed the actual location/ place that the platform had occupied during acquisition trials) were compiled from computer data. Rats performed 6 1-min acquisition trials and 1 1-min retention trial per day. Rats were also tested in a cue, or vision and motor ability control condition, where the escape platform was painted black and extended above the water line. Finally, there was a random, or no spatial contingency condition, where the white escape platform was submerged below the water line and moved randomly between the 4 quadrants on each acquisition trial of each day.
Histology
For histopathological examination, following behavioral testing, animals were anesthetized with sodium pentobarbital (100 mg/kg; Nembutal, Abbott Labs, Abbott Park, Ill., USA) and sacrificed at approximately 3-4 months of age by transcardiac perfusion with ice-cold 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). Brains were carefully removed and postfixed overnight, equilibrated in 30% sucrose in 0.1 M phosphate-buffered saline and left at 4 ° C in 0.1 M phosphate buffer with 0.1% sodium azide for a maximum of 2 weeks and then stored in cryoprotectant at -20 ° C until staining. The mounted sections were air-dried, stained with cresyl violet, dehydrated in graded ethanol solutions, cleared in Citrisolv (Fisher Scientific, Pittsburgh, Pa., USA) and coverslipped in Permount (Fisher Scientific).
Stereological Volumetric Analyses of Regional Brain Volumes
Using systemic random sampling, a series representing every 12th section was selected, cresyl violet stained, and analyzed. Sections encompassed the whole brain rostrally from the genu of the corpus callosum through the posterior portion of the hippocampus to the occipital lobes caudally. All volumetric quantifications were performed with Nikon Eclipse E600 photomicroscope equipped with a high-resolution CCD camera, a motorized XYZ axis computer-controlled stage, and Neurolucida and Neuroexplorer morphometry software package (MicroBrightField, Inc., Colchester, Vt., USA). When calculating the volume, the crosssectional area of the region of interest (ROI) in each section was traced on the computer screen at low power using a 2!/4! lens and the volume of the ROI was calculated according to the Cavalieri principle [28] . For the ROI, the right and left hemisphere, neocortex, striatum, hippocampus, and primary visual cortices were traced. Morphological criteria were used consistently in all animals to determine the boundaries of the ROIs. For example, for the hippocampus the entire dentate gyrus and CA regions were outlined, corresponding to figures 47-89 of the Paxinos Rat Brain Atlas [29] . For the primary visual cortex, the entire region was outlined from initiation through the extent of possible posterior sectioning of the brain, corresponding to figures 70-100. Damage due to stroke was determined quantitatively by calculating the percent preserved volume in the ipsilateral, or lesioned, hemisphere versus the contralateral, control hemisphere. 
Data Analysis
Data are presented as mean 8 SD. Repeated-measures analyses of variance were performed on escape latencies, probe times, and annulus crossings averaged across trials (as appropriate) within test days with factors treatment ! days. For volumetric analysis, one-way analysis of variance was performed. Post hoc analyses were performed using the Tukey HSD and NewmanKeuls tests as appropriate. Pearson's or Spearman's correlation coefficient was used to analyze the relationship between brain volume and behavioral performance as appropriate. p values below 0.05 were considered significant. All statistical analyses were performed using StatView (version 5.0.1, SAS software, Cary, N.C., USA).
Results
A total of 40 rats underwent transient MCAO that fulfilled the inclusion criteria by MRI, and 26 underwent sham surgery. Rats were randomly allocated to MCAO with single-dose vehicle (VO-1, n = 8), MCAO with threedose vehicle (VO-3, n = 11), MCAO with single-dose EPO (EPO-1, n = 9), and MCAO with three-dose EPO (EO-3, n = 12) groups. For sham animals, rats were assigned to single-dose EPO (ES-1, n = 7), single-dose vehicle (VS-1, n = 7), three-dose EPO (ES-3, n = 6), and three-dose vehicle (VS-3, n = 6) groups. Sham groups did not statistically differ from one another and were combined for behavioral and histological analyses. In addition, there were no statistically significant differences between VO-1 and VO-3 groups, and those groups were combined to a single VO group for analysis. Male and female rats were evenly distributed between the groups, with no statistical significance between males and females in any of the analyses (data not shown).
Spatial Learning and Memory
For the escape latency in the place condition, shamtreated rats escaped to the hidden platform more quickly than either VO or EPO-1 rats ( fig. 2 a) . In all groups, there was some improvement over the 6 days of testing, consistent with learning that a platform for escape exists somewhere within the water maze. EO-3 rats did not differ from shams, and there was a trend toward improvement with 3 doses of EPO versus single-dose or vehicle treatment, but it was not quite significant (p = 0.10).
Following removal of the platform for the probe trial, EO-3 rats did not differ from shams and spent more time in the escape quadrant that had previously contained the escape platform compared to either VO or EO-1 groups (p ! 0.02) ( fig. 2 b) . Similarly, EO-3 rats did not differ from shams and generally crossed the previous platform location more often than other injured groups during the probe trial, which approached significance (p = 0.05) ( fig. 2 d) .
To more accurately assess vision-and motor-based performance, the cue condition was used to measure escape latency to a visualized platform. Once again sham animals performed significantly better than VO animals and did not differ from EO-3 animals, who also performed significantly better than VO or EO-1 animals (p ! 0.02) ( fig. 2 c) . There was no difference in escape latency of rats in the random condition between any groups (data not shown).
Injury Assessment
Animals that received transient MCAO had significant tissue loss at this late time point after injury ( fig. 3 ) . In animals that underwent sham surgery, there was no difference in hemispheric volume between vehicle and EPO treatment. In the VO group, there was a significant decrease in the ratio of hemispheric brain volume ( fig. 3 c) . No difference was observed between the EPO-1 group and VO animals, but tissue loss was significantly reduced in the EO-3 group, demonstrating a marked protective effect.
To better assess the effects of EPO on brain volumes, regional brain volumes were also calculated in rats treated with 3 doses ( fig. 4 ) . The volume of the neocortex and visual cortex did not differ between EO-3 and sham rats, and EO-3 rats also had significant increases in the volumes of the striatum, hippocampus, neocortex, and visual cortex compared to VO-treated rats. In addition, sig- nificant correlations were found in the size of regional brain volumes and functional performance ( table 1 ) . For example, the neocortical volume correlated with both memory-(probe time, annulus crossings) and vision-and motor-based components (cue) of the water maze, while striatal and hippocampal volumes correlated with learning-and memory-based performance.
Discussion
The results of this study demonstrate that, while a single dose of exogenous EPO immediately following transient MCAO did not preserve tissue volume in the long term, 3 doses of EPO did improve histology, with increased regional and total hemispheric brain volumes. In Acquisition (escape latency) and retention (probe time, annulus crossings) trials for testing spatial learning and memory between P65 and P90 after MCAO at P10. Mean 8 SD raw escape latency and probe time data in seconds, averaged across daily trials, during water maze trials for the sham, VO, EPO-1, and EO-3 groups. a Escape latency in the place condition. Injury significantly impaired spatial learning performance, but EO-3 rats did not differ from shams. There was also a trend for EO-3 rats to perform better compared to VO and EPO-1 rats (p = 0.10). b Probe time (retention trials) in the place condition. EO-3 rats had improved spatial memory, spending more time in the probe quadrant during retention trials that had previously contained the escape platform compared to VO and EPO-1 rats, and not differing from shams (p ! 0.02). c Escape latency in the cue condition. Vision and motor-based function in the cue condition of water maze. Injured animals (VO and EPO-1) performed significantly worse than shams in swimming to the elevated platform. EO-3 animals performed significantly better than other injured groups (p ! 0.02), and did not differ from shams. d Annulus crossings during probe trials. Measurement of the number of crossings of exact platform location during retention trials. EO-3 rats did not differ from shams, and trended toward improvement versus VO and EPO-1 rats (p = 0.05).
addition, these histological findings correlated with behavioral performance, with multiple-dose-treated rats not differing from shams and performing better in most components of spatial learning and memory performance.
EPO has previously been shown to preserve brain volume following neonatal hypoxia-ischemia [13, 18, 22] , and to decrease infarct volume following transient MCAO in P7 rats [23] . We have previously demonstrated that P10 rats treated with a single dose of EPO following MCAO had an increase in hemispheric brain volume and improved sensorimotor function at 2 weeks after injury [24] . We initially chose a single dose of EPO immediately following injury, as opposed to during or prior to injury, to more closely approximate a clinical scenario where EPO may be used for treatment. Similarly, this treatment regimen resulted in a marked increase in hemispheric brain volume and increased neurogenesis in the striatum of injured rats at 6 weeks after injury, possibly also demonstrating a proliferative and reparative effect [30] .
While these results for single-dose EPO suggest a role for EPO in cell survival and repair, this may not be sufficient for long-term improvement. At later time points Color version available online after injury, this single-dose EPO treatment was not as effective. At 3 months after neonatal stroke, there was no longer a difference in hemispheric volume between rats treated with a single dose of EPO and vehicle-treated rats. There was also no cognitive improvement, with no differences in any components of the Morris water maze between rats treated with a single dose and vehicle-treated rats. The underlying mechanisms responsible for neuroprotection at earlier time points may not persist this far out after a single dose of EPO. Endogenous EPO is upregulated after injury [10] , and this single dose of EPO immediately after injury may not be sufficient to overcome any endogenous mechanisms at this late time point. In addition, newly generated cells may not maintain the intracellular signaling or perfusion to survive.
EPO appears to function via multiple mechanisms, and while single-dose treatment may decrease apoptosis and increase cell survival initially, it may have little to no effect on long-term cell repair and incorporation into neural networks, or on later neurogenesis and cell proliferation. Following hypoxia and stroke, neuronal transcription factor HIF-1 ␣ expression is stabilized and increases expression of downstream targets that include EPO and VEGF [10] , initiating pathways for neuroprotection, angiogenesis, and repair. EPO leads to phosphorylation of Janus kinase 2 (JAK2), and eventually, phosphorylation and activation of the mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK1/2), as well as the phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B) pathway and signal transducer and activator of transcription 5 (STAT5), which are critical in cell survival. For example, EPO increases the rate and quantity of STAT5 expression, resulting in upregulation of anti-apoptotic genes such as Bcl-xL [23, [31] [32] [33] [34] and NF-B [33] . Akt also inactivates Bcl2 family member Bad and limits inflammation [35] . In addition to anti-apoptotic effects, the ERK pathway has anti-inflammatory effects and increases neurogenesis while altering cell fate commitment [36, 37] , implicating this pathway in repair processes. Following injury, tissue protective and reparative effects of EPO-stimulated ERK activation have been shown in adult models of brain injury [35, 36, 38] . Increases in angiogenesis following injury may be necessary for long-term survival of injured or newly generated cells, which appears to be effects of both EPO and its interaction with VEGF [39] . For example, EPO-treated rats had increased VEGF and brain-derived neurotro phic factor levels after stroke, as well as angiogenesis and neurogenesis, with induced neuroblast migration to these regions [7] . PI3K also mediates increased angiogenesis in the ischemic boundary following ischemic stroke [40] . However, the effect and time course of phosphorylation and activation of these kinases in the immature brain and their effect on cytokine production following stroke are not clear.
EPO does not appear to protect against early injury in the first 6 h [18] , rather at later time points, suggesting a delay is required for the responsible mechanisms. This may be related to upregulation of EPO-R, synthesis of protein, or activation of a cascade that results in increases in cell number, function, and perfusion. For example, EPO has also been found to inhibit neointimal hyperplasia after arterial injury by acting on injured vessels and mobilizing endothelial progenitor cells to the neo-endothelium [41] , promoting angiogenesis and repair of blood vessels. In addition to decreased apoptosis, increased neurogenesis and angiogenesis, cell repair may be an important component of these histological changes and long-term cognitive improvements. EPO may work by mechanisms similar to those seen with environmental enrichment, which is known to have effects on neuronal plasticity and cognitive function. Enrichment includes exposing these animals to tunnels, platforms, toys, and running wheels that potentiate social interaction and increase stimulation [42] . These factors result in structural changes in neural cells, and possibly volume of brain structures, with increased neurogenesis, synaptogenesis, dendritic branching, and increased neurotrophic factors in the hippocampus, striatum, and cortex [43] [44] [45] . Enrichment increases brain-derived neurotrophic factor following brain injury [46, 47] , although some studies suggest females may benefit from this more than males [48] . Daily enrichment also prevents spatial memory deficits after adult hypoxia-ischemia [49] and stroke [47, 50] , and early housing in an enriched environment prevented some cognitive deficits after neonatal hypoxia-ischemia [51] . Young adult mice develop more differentiating neuroblasts, with increased neuronal survival in the dentate gyrus [52] , and physical activity and enriched environments also increased proliferation of precursor cells in the adult hippocampus [53] .
The Morris water maze is a validated test for spatial learning and memory [54] . Performance in the water maze often correlates with hippocampal function [55] , but also requires intact vision and motor ability for completion of tasks. While there was no difference in cognitive function in rats treated with a single dose, EO-3 rats did show a trend toward escaping to the hidden platform in the place condition, suggesting improved learning over the 6 days of testing relative to other injured groups, and these rats also had significant improvement in memory, remembering the previous location of the platform in the probe trials. EO-3 rats also demonstrated improved vision and motor ability in the cue condition.
Performance in these cognitive tests correlated with total hippocampal volume, as it appears that this hippocampal injury resulted in spatial memory deficits that persisted into adulthood. In addition, behavioral findings on most components of the water maze correlated with striatal, neocortical, and primary visual cortical volume. The striatum is also involved with acquisition in complex maze tasks [56] , while the neocortex was used as a marker of the sensorimotor cortex. It is difficult to determine how injuries to particular brain regions relate to spatial learning or memory deficits because of the strong intercorrelations among regional areas.
Given the evolution of injury over time, and the improvement seen with additional and later doses of EPO, it remains to be seen what therapeutic regimen results in the best long-term outcomes. Recent findings suggest that up to 3 doses of 5 U/g show short-term improvement in apoptosis and gliosis after rat neonatal hypoxia-ischemia, with dose-dependent protection in a U-shaped manner [57] . Taken together with previous studies, our observations suggest that EPO may be useful both early, for its direct neuroprotective effect by preventing cell death, and late, influencing cell repair, progenitor cell fate, neurogenesis and migration. Perhaps by clarifying the mechanisms and timing of both repair and neurogenesis, the optimal dosing regimen to maximize long-term outcomes will become clear.
